Statistical experimental designs were applied to optimize cold-active lipase production by the psychrophilic bacterium Moritella sp. 2-5-10-1. First, a PlackettBurmen design (PBD) was used to evaluate the significant effects of various fermentation parameters. The results indicated that soybean meal, temperature, and Tween-80 had significant influences on lipase production. The levels of these variables were optimized subsequently using central composite design (CCD). A quadratic regression model of cold-active lipase production was built, and verification experiments confirmed its validity. On subsequent scale-up in a 10-L bioreactor using optimized conditions, cold-active lipase production (30.56 U/mL) was obtained. The results clearly indicated that the model was adequate even on a large scale. To our knowledge, this is the first report of statistical optimization of cold-active lipase production by a psychrophilic bacterium.
Enzymes from psychrophilic microorganisms have recently received increasing attention due to their relevance in both basic and applied research. Coldactive enzymes offer novel opportunities in many industrial processes in which high enzymatic activity or peculiar stereospecificity at low temperatures and low thermostability are required. 1) For instance, cold-active lipases cover a broad spectrum of biotechnological applications, including additives in detergents and food industries, environmental bioremediation, biotransformation, and molecular biology. 2) With increasing interest in cold-active enzyme products, large-scale fermentation of psychrophilic microorganisms is gaining in importance. Conventional methods of multifactor experimental design are timeconsuming and incapable of detecting the true optimum, due especially to interactions among the factors. 3) Optimizing the parameters by statistical experimental design, such as Plackett-Burman design and central composite design, can eliminate these limitations of the single-factor optimization process. These methods have been used successfully to optimize and evaluate the effects of process parameters in mesophilic lipase production, [4] [5] [6] [7] [8] [9] [10] but optimization of cold-active lipase production by these methods is very rare.
In previous studies, 500 Antarctic strains were isolated from water samples collected during the Chinese 18th Antarctic Scientific Expedition. Moritella sp. 2-5-10-1, which produced an extracellular coldactive lipase, was screened from Antarctic bacteria. 11, 12) The molecular weight of the lipase was 30.521 kDa, with 278 amino acid residues. 13) Its optimum activity temperature was about 35 C, and most importantly, the lipase exhibited nearly 37% of maximum activity at 0 C.
11)
These properties should give this enzyme potential application, especially in low-temperature bioremediation and food processing. The production of cold-active lipases is mostly extracellular, and is highly influenced by nutritional and physicochemical factors, including temperature, agitation, pH, nitrogen source, carbon source, inducers, inorganic sources, and dissolved oxygen. 14, 15) To develop a bioprocess for industrial purposes, it is important to optimize highly significant factors. In the present study, a response surface approach including a Plackett-Burman design and a central composite design was used to optimize cold-active lipase production by Moritella sp. 2-5-10-1.
Materials and Methods
Bacteria and cultivation. Moritella sp. 2-5-10-1, which produced an extracellular cold-active lipase, was used.
11) The seed culture medium consisted of (g/L): peptone 10, yeast extract 5, MgSO 4 1, K 2 HPO 4 2, NaCl 30, Tween-80 0.4, initial pH 7.5. It was incubated at 10 C with shaking at 200 rpm for 48 h in a shaker. The culture medium was inoculated with 5% inoculum (v/v). Erlenmeyer flasks (500 mL) containing 100 mL of the medium were used in the cultures.
Lipase assay. Lipase activity was promoted by a standard method with olive oil emulsion. 16) One unit of lipase activity (U) was defined as the amount of enzyme that released 1 mmol fatty acid per min at 35 C.
Experimental designs for medium optimization, Plackett-Burman design. In preliminary experiments, screening of the important fermentation parameters affecting lipase production, including various y To whom correspondence should be addressed. Tel: +86-0631-5687205; Fax: +86-0631-5687230; E-mail: marry7719@yahoo.cn carbon and nitrogen sources, metal ions, physical factors, surfactants, and oils, was performed by the one-variable-at-a-time approach. The effects of eight important factors, soybean meal, yeast extract, MgSO 4 , NaCl, K 2 PO 4 , temperature, Tween-80, and olive oil, were studied in lipase production by PBD (Table 1) . Statistical software package Design-Expert 8.0 (Stat Ease., Minneapolis, MN) was used to generate a set of 12 experimental designs. The culture medium was incubated at various temperatures with shaking for 96 h at 200 r/min. The supernatant obtained by centrifugation of the culture medium at 12;000 Â g for 10 min (4 C) was used in the lipase assay.
Response surface methodology. After optimizing the values of various physical and nutritional factors by PBD, the three most important variables (soybean meal, temperature, and Tween-80) were chosen for response surface methodology of 2 3 full-factorial CCD. All experiments were done in triplicate, and the average of lipase production obtained was taken as the dependent variable or response. The second-order polynomial model was fitted to response giving an equation term:
where Y is the predicted response, X i and X j are the input variables, 0 is the intercept term, i the linear effects, ii the squared effects, and ij the interaction term. Statistical software package Design Expert (version 8.0, Stat-Ease) was used to analyze the experimental design. The other components of the medium were (g/L): yeast extract 4.0, K 2 HPO 4 1.2, NaCl 37.5 at initial pH 7.5. The experimental culture conditions were as described above, with incubation at various temperatures.
Verification of model in a bioreactor. Final verification of the statistical model for lipase production was carried out in a 10-L bioreactor with a working volume of 7.5 L under the optimized conditions obtained through CCD. During the run, dissolved oxygen (DO) levels were maintained at 15-20% saturation, and the impeller speed was adjusted to 200 r/min.
Results and Discussion
Screening of significant variables using a PlackettBurman design
The Plackett-Burman design provides a fast and effective approach to analysis of the significant variables among a large number of variables, thereby saving time, not only maintaining but also confirming the information for each parameter. Based on previous studies by the one-variable-at-a-time approach (data not shown), a total of eight important variables in coded and actual units were selected with regard to their effects on lipase production using PBD ( Table 1 ). The data for the regression analysis of PBD are shown in Table 2 . The model had a coefficient of determination (R 2 ) of 0.986, which indicates that it explained 98.6% of the variability of the data. Model terms having values of p > F less than 0.05 were considered significant. Hence soybean meal, temperature, and Tween-80 had significant influences on lipase production. Cold-adapted microorganisms tend to show good growth rates at low temperatures, and the production of cold active lipase is considered temperature-dependent and thermolabile. 17) In this study, temperature had the greatest effects on the production of cold-active lipase. It has frequently been observed that temperature is a critical factor governing the growth, extracellular and overall enzyme production, and protein synthesis of psychrophilic microorganisms, 1, 18, 19) and is usually explained as successful microbial adaptation to a naturally cold environment. There have been several reports that some protein complexes stimulate lipase production. 20) Soybean meal had a major effect on lipase production in this study, which had been reported as a nitrogen source to form the lipase in the strain.
4) The present study found that the surfactant Tween-80 significantly enhanced lipase production. Similar results were obtained for cold-active lipases from Pseudomonas sp., Psychrobacter sp., and Pseudoalteromonas sp. 21, 22) Possibly, Tween-80 serves not only as a lipase inducer but also as a cell permeabilizer, resulting in enhanced extracellular lipase production.
6)
Optimization by the response surface methodology CCD experiments designed to study the lipase production are presented in Table 3 . The results for the second-order response surface model are given in Table 4 . ANOVA of the quadratic regression model demonstrated that the model was highly significant, as was evident by Fisher's F-test (F model, mean square regression/mean square residual ¼ 36.07), with a very low probability value, ðp > FÞ ¼ 0:001. The value of the determination coefficient (R 2 ¼ 0:970) indicated that only 3.0% of total variations were not explained by the model. The value of the adjusted determination coefficient (Adj R 2 ¼ 0:943) was also very high, confirming the high significance of the model. The coefficients of the regression equation were calculated using Design Expert, and the following regression equation was obtained.
The p values denote the significance of the coefficients and are important in understanding the pattern of interactions among the variables. The results suggested that the linear and quadratic effects of soybean meal and temperature (p < 0:001) were the largest. Furthermore, the linear effect of Tween-80 and the interactive effect of soybean meal and temperature (p < 0:05) were more significant than the other factors.
The three-dimensional response surface curves are then plotted to explain the interactions of medium component and the optimum concentration of each component required for the lipase production (Fig. 1) . Each figure presents the effect of two variables, while the other variable is held at zero level. It is evident that low temperatures (7) (8) (9) C) promoted cold-active lipase production more than high temperatures (10-12 C) (Fig. 1a) . Similar behavior has been observed for the lipase production of psychrotropic Moraxella sp., 23) and also for other cold-active enzymes. 24, 25) Fermentation at lower temperature offers economic benefits through energy savings during the winter season, and this negates the requirement for expensive heating steps, and more importantly, reduces the risk of mesophilic microorganism contamination. These are great advantages in large-scale fermentation. It should be noted that 0.25-0.38 g/L Tween-80 enhanced lipase production (Fig. 1c) . Low-temperature cultivation might fortify the viscosity of the medium, and surfactant Tween-80 can improve the rheological properties of the medium and accommodate cell membrane osmosis to favor the secretion of more extracellular enzymes. In addition, the maximum lipase production was obtained at the levels of soybean meal (16-18 g/L) (Fig. 1b) . Soybean meal as a by-product of the vegetable oil industry could greatly reduce the costs of lipase production. 4, 26) The 
Validation of the model
In order to confirm our optimization results, the growth curve and lipase production were studied using the optimized conditions (Fig. 2) . It was observed that the trend of lipase production was in accord with the growth profile, and the time of maximum occurred at 96 h, indicating that lipase was a growth-associated effect. 18) Lipase production as obtained experimentally was found to be 21.94 U/mL, very close to the predicted level (22.87 U/mL). On subsequent scale-up in a 10-L bioreactor under conditions optimized through this model, 30.56 U/mL of lipase was produced in 96 h, higher than the maximum lipase yields (27.34 U/mL) for Candida antarctica in a 15-L fermenter.
10) The application of different methods and the definition of cold-active lipase units to estimate the enzyme by various authors using various substrates, including p-nitrophenylbutyrate (p-NPB), p-nitrophenyl esters, p-nitrophenyl caprate, and olive oil, make comparison difficult. In this study, an overall 3.9-fold increase in cold-active lipase production was obtained as compared to that before optimization (7.79 U/mL). This value is comparable to an increase of 1.6-fold in thermostable, alkaline lipase (13.75 EU/mL) from Arthrobacter sp. using RSM 7) and a 5.19-fold increase in overall lipase production (20.26 U/mL) from Candida cylindracea by RSM based on the face-centered central composite design (FCCCD).
9) Therefore, statistical experimental method was found to be an efficient and productive tool for enhancing cold-active lipase production.
Conclusions
Cold-active lipases offer novel opportunities for biotechnological exploitation based on their specific characteristics, and optimization of enzyme production has been reported comparatively seldom. In this study, eight variables were tested using the PBD, and then three variables (soybean meal, temperature, and Tween-80) were evaluated as to significant effects on coldactive lipase production using CCD. Analysis of variance (ANOVA) showed the adequacy of the model and verification experiments confirmed its validity. On subsequent scale-up in a 10-L bioreactor under optimized conditions, 30.56 U/mL of lipase was obtained. To our knowledge, this is the first report that RSM was used in the optimization for cold-active lipase production. It offers optimization of the parameters for largescale fermentation.
